Regulation of nuclear factor of activated T cells-c2 (NFATc2) gene expression is not clearly defined. We previously reported reduced NFATc2 protein expression in cord blood T lymphocytes. Here we show that NFATc2 expression in T cells is dependent in part on the presence of IFN-γ during primary stimulation, as blocking of IFN-γ blunted NFATc2 protein and mRNA upregulation. Conversely, addition of exogenous IFN-γ during stimulation resulted in increased expression of NFATc2 in cord blood T lymphocytes. This correlated with rescue of deficient IFN-γ expression by cord blood T cells. Rescue of IFN-γ expression in cord blood T cells was dependent on the presence of antigen-presenting cells, as addition of IFN-γ during stimulation of purified cord blood T cells did not result in an increase of IFN-γ expression, and depletion of monocytes ablated the rescue of IFN-γ expression. Our results point to impaired function in the antigen-presenting cell population of cord blood, playing a role in the hyporesponsiveness of T cells.
INTRODUCTION
Umbilical cord blood (UCB) from related and unrelated donors has emerged as a novel source of hematopoietic stem cells for human allogeneic transplantation. Despite HLA-mismatching, the incidence and severity of acute and chronic graft-versus-host disease (GVHD) in UCB recipients is low (1) (2) (3) (4) . T lymphocytes from UCB produce severely reduced proinflammatory cytokines, including IFN-γ and TNF-α, when compared to adult peripheral T lymphocytes during primary and secondary stimulation (5-7). IFN-γ has been shown to be a pivotal cytokine in the modulation of GVHD (8) (9) (10) (11) .
NFAT transcription factors reside in latent form in the cytoplasm. Upon T-cell activation, NFAT proteins are dephosphorylated by calcineurin, a Ca 2+ -dependent phosphatase, and translocate into the nucleus to activate their target genes (12) . Numerous reports have demonstrated in vitro dependency of the IFN-γ gene on NFATc2 or NFAT1 (nuclear factor of activated T cells-c2 or 1), a member of the NFAT family of transcription factors (12) (13) (14) (15) (16) (17) . In vivo observations in NFATc2 gene-deleted mice established the necessity of NFATc2 protein for the transcriptional upregulation of the IFN-γ gene (18, 19) . Unlike NFATc1, another well characterized member of the family which is not expressed at basal levels, but upregulated within 4 h of T-cell stimulation, NFATc2 is constitutively expressed at significant basal levels in T-cell lines, as well as in adult peripheral T cells. (20, 21) . While regulation of NFATc2 protein activation and its role in transcriptional activation of numerous genes has been studied extensively (22) , little is known about the regulation of the NFATc2 gene itself. NFATc2 mRNA expression is not significantly upregulated immediately (2-3 h) after T-cell stimulation (21, 23) . However, NFATc2 mRNA and protein levels increase during prolonged stimulation. One report described increase in NFATc2 mRNA and protein expression in CD4 + T cells after 24-48 h of stimulation in the presence of IL-6, while a second report described NFATc2 protein expression above basal levels after 10-30 days of T-cell priming, prior to restimulation (24, 25) . Our laboratory described upregulation of NFATc2 protein expression after 18-40 h of primary T-cell stimulation (6) . Moreover, we have previously described that UCB T lymphocytes express severely reduced to undetectable levels of NFATc2 protein when freshly isolated from the cord blood. Although short stimulation (40 h) of UCB T lymphocytes resulted in upregulation of NFATc2 protein, levels remained reduced when compared to stimulated adult peripheral T lymphocytes, and correlated with reduced IFN-γ production by UCB T cells (6, 2) .
Taken together, these results suggested tight regulation of NFATc2 gene expression, with induction occurring later during primary T-cell stimulation, likely mediated by additional signals, such as the expression of cytokines and/or regulatory proteins. We show here that upregulation of NFATc2 expression is dependent in part on the presence of IFN-γ during primary stimulation of T cells. We further show that addition of exogenous IFN-γ during T-cell stimulation upregulates the reduced NFATc2 expression seen in UCB T lymphocytes. Moreover, we show that as a result of addition of exogenous IFN-γ and increased NFATc2 expression, deficient IFN-γ production by UCB T lymphocytes can be rapidly rescued within 24 h of primary stimulation. This rescue effect however was dependent on the presence of antigen-presenting cells (APCs).
MATERIALS AND METHODS

Cells
Human umbilical cord blood from full-term deliveries by vaginal or caesarean sections and adult peripheral blood from healthy donors was collected according to guidelines by the Institutional Review Board at University Hospitals of Cleveland. Mononuclear cells (MNC) were isolated by gradient centrifugation, as previously described (6) and used immediately fresh.
T-Cell Stimulations
Total MNC were stimulated in bulk culture as previously described (6) . Briefly, 2 × 10 6 cells/mL were stimulated with 2 µg/mL of concanavalin A (ConA) (Sigma Chemical Co., St Louis, MO) in complete RPMI medium (Gibco BRL, Gaithersburg, MD), containing 10% fetal bovine serum (Gibco BRL), 1 mM sodiumpyruvate, 0.1 mM nonessential amino acids, 10 mM HEPES, and 58 µM 2-mercaptoethanol (Sigma Chemical Co.), in presence or absence of the manufacturer's recommended concentration of 1 µg/mL of cyclosporin A (CsA) (Sigma Chemical Co.), as previously described (7). Where specified, IFN-γ (Roche, Indianapolis, IN) was added at indicated concentrations, or neutralizing anti-IFN-γ antibody (R&D Systems, Minneapolis, MN) was added at a concentration of 0.25-2 µg/mL. Purified T cells were stimulated as described (26) , with plate-bound anti-CD3 (1 µg/mL) and soluble anti-CD28 (5 µg/mL) monoclonal antibodies. Elispot assays were performed as previously described (27) . Briefly, ImmunoSpot plates M200 (Cellular Technology Limited, Cleveland, OH) were coated with capture antibody for IFN-γ M700A-E (2 µg/mL; Endogen, Woburn, MA), washed, and MNC were plated in complete RPMI medium with 5% ABO serum (Gemini Bioproducts, Calmasas, CA) + 1% L-glutamine, at 3 × 10 5 per well. Cells were stimulated with irradiated 3 × 10 5 T-cell-depleted MNC from a healthy adult or cord blood. T cells were depleted with RosetteSep (StemCell Technologies, Vancouver, Canada), according to manufacturer's directions. After 24 h of stimulation, plates were washed and incubated overnight with secondary biotinylated detection antibodies against IFN-γ M701 (0.5 µg/mL; Endogen, Woburn, MA). Streptavidin-HRP conjugate (Dako Corp., Carpenteria, CA) was added and the spots were visualized using the HRP-substrate AEC (Pierce Pharmaceuticals, Rockford, IL), and subjected to image analysis on a Series 1 ImmunoSpot Image Analyzer (Cellular Technology, Cleveland, OH) specifically designed for automated evaluation of ELISPOTs.
T Cell Purification
T cells were purified from MNC by depletion of monocytes, B, and NK cells, using a cocktail of monoclonal antibodies including: CD11b, CD16, CD19, and CD56 (Pharmingen) followed by anti-IgG magnetic bead depletion (Dynal, Lake Success, NY), as previously described (6) .
Depletion of Monocytes
MNC from UCB were depleted of monocytes by using monoclonal antibody against CD11b (Pharmingen), followed by anti-IgG magnetic bead (Dynal) depletion as above, or by using anti-CD14 microbeads (Miltenyi Biotech Inc., Auburn, CA) and AutoMACS (Miltenyi Biotech Inc.), according to manufacturer's protocol.
Western Blot Analysis
At indicated time points of stimulation, T cells were purified from the MNC and extracted as previously described (6) . Briefly, cells were lysed in 20 mM Tris pH 7.6, 50 mM KCl, 400 mM NaCl, 1 mM EDTA, 1% Triton-X, 20% glycerol, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 µg/mL pepstatin, 2 µg/mL leupeptin, 2 µg/mL aprotinin, and 10 mM Na 2 MoO 4 . 7 µg of protein lysate was immunodetected with a mix of monoclonal antibodies directed against NFATc2 (Transduction Laboratories, Lexington, KY) and β-actin (Sigma Chemical Co.). NFATc2 and β-actin band intensities were quantified by densitometry scanning.
Flow Cytometry
Intracellular IFN-γ staining was performed as described previously (6, 7) . Briefly, MNC were stimulated for the indicated time points, for the last 6-8 h in the presence of 5 µg/mL of Brefeldin A (Sigma Chemical Co.), and permeabilized. 1 × 
Statistical Analysis
NFATc2-expression data was fitted using PROC MIXED in SAS (Version 8.0, Cary, NC) with random intercept and unstructured covariance structure (Fig. 1B) .
The slopes before 50 h were estimated, and tested by twosided T test (28, 29) .
RESULTS
Reduced Expression of NFATc2 Protein in UCB T Lymphocytes During Prolonged Primary Stimulation
Our previous studies in UCB T cells suggested a correlation between low NFATc2 and IFN-γ expression during the first 40 h of stimulation (6) . To verify that upregulation of NFATc2 expression in UCB T lymphocytes is reduced and not delayed in time, mononuclear cells (MNC) from adult peripheral blood and umbilical cord blood were stimulated for up to 96 h, after which T lymphocytes were purified and NFATc2 protein levels measured, as previously described. At later time points, strong variability in NFATc2 protein expression was observed between the individual samples studied, particularly in the adult controls. Peak expression ranged between 40 and 72 h, in both cord and adult T lymphocytes. Thereafter, NFATc2 protein expression decreased in both adult and UCB, but remained above basal levels, in the adult (Fig. 1A) . However, notwithstanding the individual variability of NFATc2 protein expression upon stimulation, overall NFATc2 protein expression remained significantly reduced in UCB T lymphocytes, at all time points, compared to the adult analyzed within the same experiment. The fold-increase in NFATc2 protein expression plotted over time was notable for increased NFATc2 protein expression in adult T lymphocytes, with estimated slope 0.212 ( p < 0.0001), whereas fold-increase of NFATc2 expression in UCB, relative to adult expression, was marginal with estimated slope 0.09 ( p = 0.08) (Fig. 1B) .
In Adult T Lymphocytes Upregulation of NFATc2 is IFN-γ -Dependent
Late upregulation of NFATc2 in adult T cells, as well as reduced and late upregulation in UCB T lymphocytes, suggested dependence on the presence of intermediary regulatory cytokines and/or proteins with reduced expression by UCB. As stimulation of primary T cells with concanavalin A (ConA) in the presence of IFN-γ was found to result in a substantial increase in loading-control mRNAs such as β-actin, GADPH, and HPRT, thus rendering analysis of specific increases in NFATc2 mRNA expression difficult, we chose to analyze NFATc2 expression more precisely by intracellular staining and flow cytometric analysis, in gated CD3
+ cells. As IFN-γ production during T-cell stimulation is not impaired in adult T lymphocytes, IFN-γ blocking experiments were performed to determine the effect on NFATc2 levels in adult T lymphocytes. By flow cytometry, percentages of NFATc2-expressing T cells varied between adult individuals, and were noted to increase upon stimulation, and to range from 24 to 81% after 24-48 h of stimulation (n = 9, data not shown), comparable to the individual variability in NFATc2 expression patterns observed in Western blot analyses. When IFN-γ secreted during stimulation of adult T cells was blocked with neutralizing anti-IFN-γ antibody, upregulation of NFATc2 protein expression was blunted and did not increase significantly above basal expression levels ( Fig. 2A) . Inhibition was observed with different anti-IFN-γ antibody clones, and effectiveness of blunting of NFATc2 expression was found variable from individual to individual, in accordance with varying IFN-γ production from individual to individual.
Since IFN-γ production and other proteins regulated by NFAT can be inhibited by the immunosuppressive drug cyclosporin A (CsA) (30) via inhibition of calcineurin, NFATc2 expression was measured in adult T lymphocytes after stimulation in the presence of CsA. As shown in Fig. 2B , NFATc2 protein upregulation in adult T cells was inhibited in the presence of CsA during stimulation. Inhibition of NFATc2 protein upregulation in the presence of CsA was confirmed by Western blot analysis, demonstrating the same blunting of NFATc2 protein upregulation ( Fig 2C) . Taken together, these results indicate that NFATc2 expression is dependent in part on IFN-γ secreted during primary stimulation of adult T lymphocytes, and that by blocking secreted IFN-γ in the environment, NFATc2 and protein upregulation is reduced.
Reduced NFATc2 Upregulation in UCB T Lymphocytes Can Be Increased by Addition of IFN-γ
As UCB T lymphocytes have been shown to express reduced amounts of IFN-γ during primary stimulation (5, 6) , studies were performed to determine whether adding exogenous IFN-γ could increase NFATc2 upregulation in UCB T lymphocytes. When UCB T lymphocytes were stimulated in the presence of increasing doses of added IFN-γ (10-1,000 U/mL), NFATc2 protein expression increased in a dose dependent manner (Fig. 3A) . In the absence of stimulation, treatment with IFN-γ alone resulted in NFATc2 levels intermediate between unstimulated and stimulated T lymphocytes (Fig. 4B , lower right quadrant). In adult T lymphocytes, addition of exogenous IFN-γ also resulted in further upregulation of NFATc2 (Fig. 3B) . These results support the hypothesis that upregulation of NFATc2 during stimulation is dependent in part on the presence of IFN-γ , and that reduced upregulation of NFATc2 in UCB T lymphocytes may be due to impaired IFN-γ production by UCB T lymphocytes.
Rescue of IFN-γ Expression in UCB T Lymphocytes After IFN-γ -Induced Upregulation of NFATc2
In the NFATc2 gene-deleted mouse model, severely reduced IFN-γ expression was observed in homozygous animals, intermediate expression in heterozygotes, and normal expression in wild-type animals (18) . We therefore hypothesized that by increasing NFATc2 expression with added IFN-γ during stimulation, deficient IFN-γ expression by UCB T lymphocytes might be rescued. Exogenous IFN-γ was added during stimulation and cytoplasmic IFN-γ expression in UCB T lymphocytes was measured. When exogenous IFN-γ was added during stimulation of UCB T lymphocytes, percentages of IFN-γ -expressing T lymphocytes rose close to that measured in adult T lymphocytes, after only 24 h of stimulation (Fig. 4A) . Effective IFN-γ rescue was observed titrating down to a dose of 50 U/mL of exogenous IFN-γ and was observed in over 20 cord blood units tested. This rescue effect was specific for IFN-γ , as addition of TNF-α or Il-2 did not result in upregulation of IFN-γ expression (Fig. 4A , ConA + TNF-α). Importantly however, the rescue effect on IFN-γ expression in UCB T lymphocytes depended on upregulation of NFATc2, as shown by dual staining for NFATc2 and IFN-γ (Fig. 4B) . IFN-γ expression was only observed in NFATc2 coexpressing T cells. Moreover, only the combination of ConA stimulation and addition of exogenous IFN-γ resulted in strong increases of NFATc2 expression and concomitant IFN-γ expression within the same cells, while treatment with IFN-γ alone did not stimulate IFN-γ expression and only slightly increased NFATc2 expression. Stimulation with ConA alone resulted in increase in NFATc2 upregulation, with only a slight increase in IFN-γ expression.
Increase of IFN-γ Expression by IFN-γ in UCB T Cells is Dependent on the Presence of Antigen-Presenting Cells
The above-described rescue of IFN-γ expression was observed in a stimulation setting where T cells were stimulated within whole MNC fractions, containing monocytes, B, and NK cells. Since murine neonatal and human UCB antigen-presenting cells (APCs) have been described impaired in costimulation, adhesion molecules, and cytokine expression, (31) (32) (33) (34) (35) , we asked the question whether the observed rescue effect by IFN-γ is exerted directly on the UCB T cells or via APCs present within the whole MNC preparation. When analyzing IFN-γ production upon allogeneic stimulation (MLR) by Elispot assays, we found that UCB T cells produced higher amounts of IFN-γ when stimulated with adult T-cell-depleted MNC as stimulators (Fig. 5A, solid bars) , than upon stimulation with T-celldepleted MNC from a second, allogeneic cord (Fig. 5A , hatched bars), underscoring a deficiency in costimulation for T-cell IFN-γ production by UCB APCs.
When purified T lymphocytes from adult or UCB were stimulated with ConA alone, not surprisingly, very low IFN-γ expression was observed in adult and almost no IFN-γ expression in UCB T cells. When IFN-γ was added during stimulation of UCB T cells, no IFN-γ rescue effect was observed (data not shown). To provide costimulation, purified T cells were stimulated with plate-bound anti-CD3 and soluble anti-CD28 mAb, in presence or absence of IFN-γ . While adult T cells expressed, as expected, high levels of IFN-γ (Fig. 5B) , no increase in IFN-γ expression was observed upon addition of exogenous IFN-γ . Purified UCB T cells expressed only very low amounts of IFN-γ upon stimulation with anti-CD3/CD28 (Fig. 5C , T cells), and, unlike our observations of UCB T-cell responses in the presence of accessory cells (Fig. 5C, MNC) , reduced IFN-γ expression in isolated T cells from UCB could not be rescued by the addition of exogenous IFN-γ (Fig. 5C, α-CD3/CD28+IFN-γ ) . These results suggest that IFN-γ -dependent upregulation of IFN-γ expression in UCB and adult T cells is mediated by accessory cells, possibly through IFN-γ -mediated upregulation of costimulatory genes that may be deficient in UCB. Replacing IFN-γ by costimulation with soluble anti-CD28 during ConA stimulation of bulk MNC did not however result in rescue of IFN-γ production by UCB T cells (data not shown), despite equivalent CD28 expression on UCB T lymphocytes (36) .
We next depleted UCB MNC of monocytes and stimulated in presence or absence of IFN-γ . When whole MNC from UCB were stimulated with ConA, an average of 0.9% ( When the secretory pathway blocker Brefeldin A (BFA) (37) was added immediately and for the whole length of ConA stimulation, no upregulation of IFN-γ could be observed in UCB T cells (Fig. 6, BFA 24 h ). Upregulation of IFN-γ expression could only be observed when BFA was added for the last 6 h of stimulation (BFA 6 h), thus allowing for prior secretion and/or surface expression of factors by APCs.
DISCUSSION
Taken together, our results suggest that reduced IFN-γ expression observed in UCB T cells is attributable at least in part to reduced expression of NFATc2. Moreover, our results indicate that NFATc2 upregulation during T-cell stimulation may be dependent on the presence of IFN-γ , both in adult and UCB. Accordingly, we have shown here that by supplementing with exogenous IFN-γ during stimulation, we could increase both deficient NFATc2 and IFN-γ expression in UCB T cells. This IFN-γ -mediated rescue effect was not observed when isolated T cells were stimulated, nor when T cells were stimulated in the presence of NK and B cells, but in the absence of monocytes, suggesting strongly the requirement of APCs. No rescue effect was observed when protein export was inhibited, suggesting dependency on secretion of cytokines and/or upregulation of costimulatory molecules by the APCs.
We have previously reported that CD45RA single positive T lymphocytes from adult peripheral blood expressed NFATc2 protein levels equivalent to the entire T-cell population, and that CD45RO + UCB T lymphocytes express the same reduced NFATc2 levels as CD45RA single positive UCB T cells. This suggests that a lack of NFATc2 expression in the unstimulated UCB T lymphocyte is an intrinsic property rather than a trait of the predominantly "naive" CD45RA + T-cell population in UCB (6) . Indeed, naive CD45RA + UCB T lymphocytes may have distinct properties from the "naive" peripheral adult T-cell. Our results point to the intriguing possibility that in the adult, the CD45RO-negative, nonmemory T-cell is exposed to varying levels of cytokines in the periphery, including Th1 lymphocyte or NK cell-derived IFN-γ , produced during ongoing persistent low-level pathogen exposure. This may result in maintenance of a basal level of NFATc2 protein expression, providing the naive peripheral adult T-cell with the requirements for rapid induction of NFATc2-dependent immunomodulatory genes upon stimulation, including the IFN-γ gene itself. Consistent with this hypothesis, we observed a persistent drop in NFATc2 expression during the first hours of culture of adult T cells (Fig. 1A) , suggesting response to withdrawal of cytokines. Moreover, addition of exogenous IFN-γ during stimulation of adult peripheral T cells further increased NFATc2 expression.
Our results pointing to a positive feedback loop between NFATc2 and IFN-γ evoke the possibility that severely reduced NFATc2 protein expression in the neonatal T lymphocyte may create a window of opportunity for appropriate T-cell "maturation" during neonatal immune system ontogeny. One may hypothesize that in the absence of significant levels of NFATc2 protein, the neonatal T lymphocyte could remain unresponsive to benign environmental antigens that do not elicit proinflammatory cytokines such as IFN-γ , or could acquire responsiveness to pathogens encountered within the context of "danger" (38, 39) . In the latter case, the presence of IFN-γ produced by the innate immune system, e.g. NK cells, dendritic cells (40, 41) , or macrophages (42) in the vicinity, could increase NFATc2 expression during T-cell stimulation, and thus not only allow for IFN-γ upregulation itself, but also upregulation of other NFATc2-dependent genes important in amplifying T-cell-mediated immune responses. Potential NFATc2 upregulation by NK-cell or dendritic/macrophage-derived IFN-γ would furthermore link innate signals to the adaptive, antigen-specific T-cell response, as strongest NFATc2 upregulation was only observed in the presence of T-cell receptor triggering, added IFN-γ and presence of APCs (Figs. 4 and 5) .
Cellular mechanism underlying the impact of IFN-γ on NFATc2 and IFN-γ expression in T cells is unclear at this point. Our observation of requirement of APCs and moreover dependence on the secretory pathway, to mediate the observed IFN-γ -rescue effect on UCB T cells, suggests that IFN-γ induces upregulation of soluble factors or expression of surface molecules by the APCs, which then in turn stimulate NFATc2 and IFN-γ expression in T cells. It is interesting to note here that IL-12 has been shown to be upregulated in the presence of IFN-γ during endotoxin-stimulation of macrophages (43) and furthermore that IL-12 stimulates T cells to upregulate IFN-γ expression (44) . This pathway is however deficient in UCB, as IL-12 production by LPS-stimulated MNC from UCB has been described as severely reduced, compared to adult (45) . By adding exogenous IL-12 to the stimulation conditions, reduced IFN-γ expression by UCB MNC could be increased. Interestingly, CB MNC were more sensitive than adult cells to IL-12 stimulation with respect to IFN-γ production (45), a phenomenon we also observed, when adding IFN-γ to increase NFATc2 and IFN-γ expression. Our results thus point towards deficiencies both in the UCB T lymphocyte and APC population, resulting in reduced IFN-γ production during stimulation of UCB T cells.
In allogeneic UCB stem-cell transplantation, while UCB T-cell hyporesponsiveness, particularly reduced NFATc2/IFN-γ expression, may be one underlying mechanism of reduced GVHD observed after transplantation, it may also underlie higher infection-related morbidity and mortality observed after UCB transplantation (46) . In both mouse and human, an IFN-γ Th1 response has been shown to be crucial for antibacterial and antiviral immunity, as well as for T-cell cytotoxicity (47) . Our results therefore suggest potential clinical applications to modulate NFATc2 expression in emerging donor-derived T lymphocytes after stem-cell transplantation, by impacting on IFN-γ levels with either IFN-γ neutralizing antibodies or by administered IFN-γ , in an attempt to modulate the T-cell response after UCB transplantation.
